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[57] I ABSTRACT 

Improved compositions and methods for selective ac 
cess to tumor regions (or other regions of abnormal 
endothelial properties). This capability provides power 
ful contrast-enhancement agents for nuclear magnetic 
resonance imaging. A polyatomic complex which in 
cludes intramolecular ferromagnetic coupling between 
metal atoms is associated with a polymer or micro 
sphere carrier matrix which will bind to endothelial 
determinants. A solution containing this carrier com 
plex is injected into a human v(or other) body to be im 
aged. The carrier complex will preferentially extrava 
sate at locations where the blood vessel walls have 
increased porosity or microvascular surface changes, 
and especially at tumor sites. Thus, the changes in relax 
ation time induced by the presence of the carrier com 
plex will provide a high-gain marker for magnetic reso 
nance imaging. 

Multiple superparamagnetic polyatomic complexes are 
described, including novel complexes which include 
acetate and glycinate bridging ligands with a polya 

_ tomic metal-atom-complex core. 

40 Claims, 12 Drawing Sheets 
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PHYSICALLY AND CHEMICALLY STABILIZED 
POLYATOMIC CLUSTERS FOR MAGNETIC 
RESONANCE IMAGE AND SPECTRAL 

ENHANCEMENT 

This is a continuation-in-part of US. Ser. No. 
463,692, ?led Sept. 29, 1989, is a continuation-in-part of 
US. Ser. No. 252,565 ?led Jan. 11, 1990 abandoned 
which are incorporated by reference herein. 
The present application relates to formulations of 

polyatomic clusters which are rendered useful for in 
vivo magnetic resonance imaging (MRI) and spectral 
enhancement by means of physical, chemical, and com 
bined physical-chemical stabilization. Said clusters are 
de?ned as polyatomic molecular complexes containing 
multiple atoms of either the same or of different atomic 
number, wherein two or more of the atoms have a mag 
netic moment. In selected cases, the polyatomic cluster 
may cause the atoms of magnetic moment to be oriented 
in ferromagnetic alignment, such that their multiple 
magnetic moments are additive intramolecularly, 
thereby giving the cluster a total magnetic moment 
greater than that of any individual atom of magnetic 
moment. Said polyatomic clusters may contain single or 
plural bridging ligands (for the purposes of this disclo 
sure the term “bridging ligand” is equivalent to the term 
“bridging molecular or atomic species”), however, such 
bridging ligands may be distinguished from classical 
chelators, in that the bridging ligands, when plural, are 
not covalently linked together to form multiple cova 
lent coordination sites. 

Stabilization of said polyatomic clusters by the pres 
ent compositions and methods of formulation results in 
favorable potency, plasma vstability, biodistribution, 
delivery to desired target sites, excretion, toxicity, and 
/or other favorable in vivo properties, in comparison to 
parallel properties of the native polyatomic clusters 
alone. Said polyatomic cluster formulations include, but 
are not limited to clusters which are chemically or 
physically associated with carrier substances. Carrier 
substances are de?ned as substances with which the 
polyatomic clusters are chemically or physically associ 
ated for the purpose of altering the in vivo properties 
described above. In this context, such carrier substances 
are distinguished from existing, traditional formulation 
carriers and pharmaceutical vehicles, in that these exist 
ing, traditional substances are used principally to render 
diagnostic agents in optimal states for solubilization, 
processing, drying or other aspects of in vitro formula 
tion. 

Association and stabilization of the present polya 
tomic clusters with carrier substances may be by physi 
cal, chemical or combined physical-chemical means. 
Chemical means may include, but are not limited to 
binding of said clusters to carrier substances by hydro 
phobic bonding, hydrogen bonding, paired-ion associa 
tion, multiple paired-ion association, and partial or total 
coordination or trans-chelation binding of the polya 
tomic clusters to the carrier substances via single or 
multiple ligands which are themselves bound to these 
carrier substances. In the case of coordination or trans 
chelation binding of polyatomic clusters to carrier sub 
stances, it is important to note that such coordination or 
trans-chelation is explicitly for the purpose of intermo 
lecular attachment of the polyatomic cluster to the 
carrier substance, and not for the purpose of intramolec 
ular stabilization of the polyatomic cluster. Hence, al 
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2 
though partial chelation of the polyatomic cluster may 
result as a byproduct of carrier binding, the polyatomic 
cluster is considered to remain as such and not to 
change into a classical (full) chelate by virtue of this 
mechanism of carrier binding. 
The formulations used for physical and combined 

physical-chemical stabilization typically include one or 
more of: emulsi?cation, dispersion stabilization, low or 
high pressure homogenization, soni?cation, heat stabili 
zation, other energy~input processes, organic solvent 
processing, aqueous solvent processing, combined or 
ganic-aqueous cosolvent processing, cosolvent process 
ing wherein one or more of the cosolvents is a nonsol 
vent or partial nonsolvent for the polyatomic cluster or 
the carrier substance or both, and other forms of chemi 
cal stabilization or binding. 

Magnetic resonance images (MRI) have been ob 
tained from the brain and body of living animals and 
humans by means of applying pulsed radio frequency 
(rf) energy in the presence of strong fixed and gradient 
magnetic fields, and monitoring the induced signals 
given off by atoms and ions with a magnetic moment 
and characteristic frequency of nuclear oscillation in 
the defined strong magnetic ?eld. One major advantage 
of MRI images, in relation to other medical imaging 
modalities, is that they provide an important means of 
clinical brain and body imaging of internal structures, 
organs and foci of disease typically at a very high spatial 
resolution of less than about O.3><O.3 mm inplane reso 
lution and 2 mm slice thickness. 
MRI image enhancement has been accomplished 

successfully in vivo by producing alterations in the 
relaxation times and/or spectral shifts of paramagnetic 
atoms present in the animal or human being imaged. 
Such enhancements (spectral shifts) have been pro 
duced by administering, among others, the following 
major classes and examples of MRI diagnostic agents: 

1. paramagnetic ions and chelates, such as gadolinium 
diethylenetriamine pentaacetic acid dimeglumine 
(Gd-DTPA dirneglumine-Berlex-Schering AG; 
West Germany patent filed by Gries, Rosenberg 
and Weinman: DE-OS 3129906 A l (1981)), and 
gadolinium DOTA; 

2. superparamagnetic substances, such as dextran 
iron; 

3. ferromagnetic substances, such as micronized iron; 
and 

4. polyatomic molecular clusters, including: 
a. (l) homopolyatomic clusters, including the CrIII 

cluster, [Cr4S(O2CCH3)g(HgO)4]2+ (A Bino, et 
al, US. Pat. No. 4,832,877, issued May 23, 1989; 
and A Bino, et al, Science, Sept. 16, 1988); and 

a. (2) heteropolyatomic clusters. 
In clinical imaging, these substances typically pro 

duce enhancement by altering the T1 or T2 relaxation 
times (or shifting the spectra) of induced magnetic sig 
nals given off by paramagnetic atoms present in the 
body, usually comprising water and fat protons and less 
commonly including carbon and phosphorous nuclei, 
but potentially including exogenously administered 
magnetic ions and atoms such as l9?uorine. Paramag 
netics typically act as Tl-weighted enhancing agents. 
Superparamagnetics and ferromagnetics typically act as 
TZ-Weighted enhancing agents. Polyatomic clusters 
may act as either Tl- or TZ-Weighted agents depending 
on their size; the orientation of their intramolecular 
component atomic magnetic moments; and the activity ‘ 
or cancellation of intermolecular magnetic moments, 
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which may be in?uenced by various super-molecular 
formulation states. 
The major dif?culties encountered in discovering and 

formulating previous MRI image enhancing (spectral 
shift) agents are as follows: 

1. these agents are typically quite toxic in their free 
ionic form-particularly for the currently favored, 
paramagnetic ion, gadolinium, which is the most 
potent ion available for paramagnetic relaxation 
due to its maximal number of seven unpaired elec 
trons; 

. the free agents are typically water insoluble or very 
poorly water soluble at physiologic pH; 

3. the agents must be administered in relatively high 
doses due to the inherent insensitivity of MRI im 
aging; 

. after chelation of the existing paramagnetic agents, 
which is required to confer acceptable water solu 
bility, toxicity and body clearance, these agents: 
a. lose a signi?cant fraction of their potency because 

the chelator’s functional groups occupy almost 
all of the paramagnetic ion’s inner coordination 
sites coinciding with the strongest portion of the 
ion’s paramagnetic dipole; and 

. act as nonselective (nonspeci?c) contrast agents 
due to their rapid free diffusion into normal ex 
tracellular body ?uid, as well as into sites of 
disease (Note: in the brain but not the body, such 
diffusion into the normal extracellular ?uid is 
reduced but not entirely eliminated by the pres 
ence of a blood-brain barrier); 

5. due to their rapid free diffusion in body water, previ 
ous paramagnetic-ion chelates: 
a. typically fail to enhance the very small lesions 

(sites of disease less than 5. mm in diameter), 
which are theoretically capable of resolution by 
current MRI instrumentation technology; 

. fail to optimally discriminate between perfused 
and nonperfused subregions of tumor nodules 
and localized infections, due to the their even 
more rapid diffusion through the less structured 
(bound) interstitial water (extracellular tissue 
compartment) within these sites of disease; and 

. backdiffuse very rapidly from these sites of dis 
ease into the bloodstream, thereby minimizing 
the time available for image acquisition after 
intravenous administration of these contrast 
agents (typically to less than 15-30 minutes), 
thereby eliminating the possibility of pre-dosing 
patients outside the imaging room. 

6. existing superparamagnetic and ferromagnetic 
agents: 
a. require a relatively long time for total body 

clearance (typically several days to weeks), 
thereby presenting substantial regulatory disad 
vantages; and 

b. act predominantly as T2-weighted agents, which 
typically darken rather than brighten (enhance) 
MRI images of the tissues and sites in which 
these agents become localized. 

7. existing paramagnetic, superparamagnetic and fer 
romagnetic agents are either ineffective or mark 
edly suboptimal for MRI blood-pool and perfusion 
image contrast enhancement. 

It has previously been shown by the present appli 
cant, as disclosed in previous ?lings (International Ap 
plications PCT/US88/0l096, PCT/US89/04295, that 
selectivity of uptake at sites of disease could be 
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4 
achieved for MRI contrast agents by simultaneously 
employing both of the mechanisms described in Nos. 1. 
and 2. (immediately below): 

1. Covalent or noncovalent association of magnetic 
agents with carrier substances which confer suf? 
cient size-at least about 15,000 to 20,000 MW—to 
exclude rapid, free exchange of diagnostic agents 
between the blood compartment and the extracel 
lular ?uid compartment (interstitium) of normal 
body tissues; and 
Covalent and noncovalent association of magnetic 
agents with carrier substances which bind selec 
tively to determinants induced on the endothelium 
(and epithelium) at sites of disease; and normally 
present on the endothelium of certain organs (e.g., 
lung among others). Such binding, in turn, induces 
active uptake of the agent-carrier combination 
across these intermediate barrier structures (endo 
thelium and epithelium) into the interstitial com 
partment of the diseased tissues (lesional sites) and 
in certain cases, normal target organs. For particu 
lar carrier substances, including but not limited to 
heparins and heparan sulfates, such selective, ac 
tive lesional uptake has also been shown to be ac 
companied by prolonged lesional retention of the 
diagnostic-carrier (or drug-carrier) combination. 
This is due theoretically to binding of heparins (and 
other related, usually negatively charged carbohy 

‘ drates and glycoaminoglycans) to endogenous 
heparan sulfates and related binding substituents 
which become induced or exposed within the inter 
stitial compartment of tumors, infections, tissues 
altered by various in?ammatory conditions and 
other lesional sites, particularly those involving 
vascular and/or tissue remodeling as a component 
of the disease. 

Among the novel teachings set forth in the present 
application is the recent unpublished data obtained by 
the present applicant, which indicate that the active 
uptake of heparin, and potentially other negatively 
charged carbohydrates and related molecules, occurs 
selectively at lesional sites even below the applicants’ 
and others’ previously published size-exclusion cutoff of 
15,000 to 20,000 Daltons, and hence, occurs even in the 
absence of the size exclusion mechanism described in 
immediately above. This affords a significantly im 
proved basis for site-selective uptake of carrier 
associated diagnostic (and therapeutic) agents in tumors 
and other lesional sites. It also provides a new basis for 
constructing novel, selective MRI contrast agents, in 
cluding polyatomic cluster-carrier compositions, at a 
size substantially less than the approximately 15,000 
MW cutoff at which size exclusion prevents their rapid, 
free exchange into normal body tissues. Such novel 
MRI contrast agents have multiple advantages, includ 
mg: 

l. the most rapid plasma clearance available for any 
site-selective agent described to date (t i of less 
than about 30 minutes, which very nearly equals 
the t Q's of 20 minutes characteristic of nonselective 
agents), producing reduced background enhance 
ment from plasma and para-lesional sites at early 
postinjection imaging times; . 

. improved lesional access and ‘prolonged lesional 
site retention (of up to several hours); 

3. essentially complete avoidance of uptake by nor- ' 
mal liver, producing maximal lesional-to-normal 
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organ enhancement ratios for hepatic tumors and 
other focal liver diseases; I 

. more rapid and complete body clearance, which 
occurs almost exclusively by the renal route; 

5. minimization of carrier side effects, which results 
from utilization of the lowest molecular weight 
fractions of heparin (e.g., ca. 8,000 mean MW) 
commercially available in large quantity at accept 
able'cost; 

6. capability to use the heparin fractions and sources 
which have optimal sulfation ratios for both: 
a. multiple paired-ion binding of cationic MR 

polyatomic complexes; and ‘ 
b. optimal complementarity to and interaction with 

the endothelial (and epithelial) determinants, 
including heparan sulfates, which appear'to be 
responsible for lesional site selectivity. 

7. optimal reformulation into extremely small, round, 
physically stabilized nanospheres (see below). 

Also among the novel teachings set forth in the pres 
ent application is reformulation of the preceding soluble 
MRI-carrier combinations in such a fashion as to pro 
vide new, extremely small nanospheres, typically less 
than the 100 nanometer diameter mean size previously 
disclosed by the applicant (PCT/US89/04295), and 
preferably about 5-99 nanometers in diameter. Such 
very small nanospheres confer, among others, the fol 
lowing major advantages: 

1. the most rapid uptake of particles available from 
the blood plasma across endothelial (and epithelial) 
barriers into sequestered tissue sites and sites of 
disease, via “rapid” transport vesicles, at a rate 
which markedly exceeds that of larger particles 
with diameters greater than about 100-120 nano 
meters; 

. the most complete bioavailability possible of en 
trapped magnetic agents, against which water pro 
tons need to diffuse with minimal obstruction in 
order to afford maximal MRI relaxivity and in vivo 
potency per unit of entrapped magnetic species; 

3. when desired (see below), optimal delayed dissoci 
ation of the entrapped diagnostic agents from the 
carrier substances, leading to rapid body clearance 
and maximizing the fraction 0 diagnostic agent 
which clears by the renal route. 
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Also among the novel teachings set forth in the pres- ' 
ent application is the reformulation of the preceding 
soluble MRI agent-carrier combinations, which incor 
porate low molecular weight heparin fractions of about 
8,000 mean MW, into single-component and mixed 
component, nanospheres of about 5~99 nanometers 
(mean diameter) as well as larger microspheres of about 
0.1 to 250 um in mean diameter, to form: 

1. agent-heparin microspheres with rapid bioavaila 
bility of entrapped MRI agent (or other actives), 
together with optimal spherical shape (in compari 
son to microspheres formulated with higher MW 
heparins in the mean MW range of about 16,000 to 
22,000 Daltons). 

. mixed-component nanospheres and microspheres 
containing the magnetic agent entrapped in both 
heparin and protamine, hexadimethrine or starch 
matrix components, among others which range 
respectively and reciprocally from about 2 to 98 
weight ratios, and wherein the second matrix com 
ponent confers additional microsphere stability, as 
well as potentially (depending in part on diameter) 

50 

65 

v with surrounding diffusible magnetic species. Still, for - 

6 
extended or less commonly, accelerated release of 
the entrapped agent. 

Also among the novel teachings of [those] set forth in 
the present application is that formulation of these pres 
ently described nanoparticles and microparticles using 
the newly described lower-molecular weight heparin 
fractions, causes these particulate reformulations to 
have improved lesional-site and organ-site selectivity, 
and can confer other advantageous properties of these 
novel nanoparticles and microparticles within the ani 
mal or human being imaged. 
Examples of optimal heparins include but are not 

limited to the more heavily sulfated, Fraction A hepa 
rins, and especially preferably those Fraction A hepa 
rins derived from beef-lung source. These heparins have 
not only improved sulfation ratios in vitro, but also 
improved complementarity to and interaction with en 
dothelia (and epithelia) in vivo, as evidenced by im 
proved in vivo binding to endothelium (and epithelium) , 
and resultant site localization (see Examples). Such 
heparins classically include, and are herein further de 
fined as including, various low molecular weight and 
rapidly eluting chromatographic fractions of heparins, 
such as those with a mean molecular weight of about 
8,000 Daltons, those with a molecular weight range of 
about 6,000 to 10,000 Daltons, and fragments of those 
heparins which may range from about 1,000 Daltons to 
about 10,000 Daltons. Furthermore, such heparins may 
also be obtained from sources other than beef-lung, 
including but not limited to porcine mucosa, other ani 
mal species and organ sources, and from genetically 
engineered (recombinant DNA) prokaryotic or eukary~ 
otic fermentation or cellular systems, among others. 
The heparins just described confer novel advantages, 
including in vivo site uptake and site selectivity for the 
soluble as well as the particulate, novel formulations 
described in the present application. Importantly, this 
subgroup of heparins provides such advantages even in 
the absence of the larger molecular size ranges of about 
15,000 to 22,000 Daltons, previously thought to be nec 
essary for prevention of free diffusion into normal tis 
sues based on the mechanisms of size exclusion across , 
capillary endothelial (and epithelial) barriers. 
The size of both nanoparticles and microparticles are 

supramolecular. As taught in the present application, 
the optimal mean size of nanoparticles is less than about 
100 nm in 10 diameter, with the preferred mean diame 
ter falling between about 5 and 99 nanometers. This is 
because “rapid” endothelial transport vesicles, whose 
activity is required for the very most rapid, selective 
transport of MRI enhancing agents from the blood 
(plasma) across microvascular endothelial barriers into 
the tissues, provide maximal transport rates and efficien 
cies for nanoparticles less than about 100 to 120 nano 
meters in diameter. Secondly, nanoparticles of less than 
about 100 nanometers in diameter allow the maximal 
quantity of entrapped magnetic agent to be made avail 
able rapidly to surrounding, diffusible magnetic atoms 
and molecules within body tissues. Thirdly, nanoparti 
cles of this small size appear optimal for blood-pool 
image enhancement. It should be noted in this regard, 
that larger microparticles of 0.1 to 250 micrometers in 
diameter may also be formulated to undergo timely 
dissolution, such that essentially all of their entrapped 
magnetic material is also made available for interaction 
at pertinene distances of less than about 10 angstroms 

formulations containing the same carrier (particle ma 
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trix) materials, the smaller nanoparticles typically dis 
solve more rapidly than do the larger microparticles. 

Previous publications have disclosed entrapment of 
gadolinium chelates, such as gadolinium diethylenetri 
amine pentaacetic acid (Gd-DTPA), in relatively small 
liposomes, in order to selectively enhance MRI images 
of the reticuloendothelial organs (liver, spleen and bone 
marrow) and potentially the lungs. (Buonocore et al., 2 
Proc. Soc. Mag. Res. Med. 838 (l985)(which is hereby 
incorporated by reference).) Liver clearance is medi 
ated by phagocytic (Kupffer) cells which spontaneously 
remove these small (0.05 to 0.1 micron) particles from 
the bloodstream (Buonocore et al. (1985) 2 Proc. Soc. 
Mag. Res Med. 838). (Particles larger than 3 to 5 micron 
are selectively localized in the lungs, due to embolic 
entrapment in lung capillaries.) A recent report indi 
cates that the small-sized Gd-liposomes produce effec 
tive decreases in liver Tl’s (as determined spectroscopi 
cally without imaging): see Buonocore et al. (1985) 2 
Proc. Soc. Mag. Res. Med. 838). Also, insoluble Gd 
DTPA colloids have recently been reported to enhance 
MR images of rabbit livers under in vivo conditions 
(Wolf et al. (1984) 4 Radiographics 66 (which is hereby 
incorporated by reference». However, three major 
problems appear to limit the diagnostic utility of these 
devices. The multilamellar, lipid envelopes of liposomes 
appear to impede the free diffusion of water protons 
into the central, hydrophobic cores of these carriers, as 
assessed by the higher doses of Gd required for in vitro 
relaxivities equivalent to Gd-DTPA dimeglumine 
(Buonocore et al. (1985) 2 Proc. Soc. Mag. Res. Med. 
838). This increases the relative toxicity of each Gd 
atom. 
Even more importantly, these same lipid components 

cause the carriers to interact with cell membranes of the 
target organs in a way which leads to a marked prolon 
gation of tissue retention, with clearance times of up to 
several months. (See Graybill et al., 145 J. Infect. Dis. 
748 (l982)(which is hereby incorporated by reference), 
and Taylor et al., 125 Am. Rev. Reso. Dis. 610 
(l982)(which is hereby incorporated by reference).) 
Two adverse consequences result. First, image en 
hancement does not return to baseline in a timely fash 
ion. This precludes re-imaging at the short intervals (ca. 
1 to 3-weeks) needed to assess acute disease progression 
and treatment effects. Second, signi?cant quantities of 
the liposomally entrapped Gd-DTPA may be trans 
ferred directly into the membranes of host cells. (See 
Blank et al. 39 Health Physics 913 (l980)(which is 
hereby incorporated by reference); Chan et al., 2 Proc. 

- Soc. Mag. Res. Med. 846 (l985)(which is hereby incor 
porated by reference).) This can markedly increase the 
cellular retention and toxicity of such liposomal agents. 
The consequences for Gd toxicity have not yet been 

reported. Protein (albumin) rnicrospheres with en 
trapped Gd and Gd chelates have been prepared, and 
have been determined (by the present inventor and 
others: see Saini et al. (1985) 2 Proc. Soc. Mag. Res Med. 
896) to have only modest effects on T1 relaxivity in 
vitro. This is because most of the Gd as well as other 
entrapment materials are initially sequestered in the 
interior of these spheres, and are released very slowly as 
the spheres become hydrated (with tis of hours). (See 
Widder et al., 40 Cancer Res. 3512 (l980)(which is 
hereby incorporated by reference).) This phenomenon 
has been found by the present inventor to markedly 
reduce the acute (30-to-90-minute) relaxivity of each 
Gd atom to approximately 1/ 10th that of Gd-DTPA 
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8 
dimeglumine. Hence, both the quantity of carrier mate 
rial and the toxicity of Gd are both unnecessarily high. 

Emulsions of insoluble, gadolinium oxide particles 
have been injected into experimental animals, with sig 
ni?cant image-enhancing effects on the liver. (Burnett 
et al. (1985) 3 Magnetic Res. Imaging 65). However, 
these particles are considerably more toxic than any of 
the preceding materials, and are inappropriate for 
human use. 

Novel Compositions and Methods for Imaging 
Because of the signi?cant disadvantages of existing 

MR image contrast agents, the present inventor has 
formulated improved agents with reduced toxicity, 
increased selectivity of tumor and organ uptake, as well 
as a signi?cant potential for enhancing blood ?ow im 
ages. 
A very important consideration, as taught by the 

present application, is that the marker substance should 
preferably be selectively deposited at the tissue location 
which is sought to be imaged. Moreover, the present 
application also contains signi?cant teachings, regard 
ing how the paramagnetic marker substance is bound to 
the polymer, which are believed to provide substantial 
advantages over previous teachings. The present appli 
cation provides a novel method for NMR imaging, 
wherein image contrast is very strongly enhanced by a 
selective transport method which introduces an intra 
molecularly superparamagnetic strong Tl agent selec 
tively into the desired imaging locations, and speci? 
cally into tumor locations. The present application also 
provides novel compositions of matter which are useful 
in implementing these methods. 
MRI contrast enhancement can be improved moder 

ately in the brain (and greatly in the body, which lacks 
the brain’s tight blood-tissue barrier), by increasing the 
tumor selectivity of agent uptake. 

Injected gadolinium exchanges off of its DTPA che 
lator at a slow but signi?cant rate in vivo. The resulting 
free gadolinium forms insoluble oxides, clears slowly 
from the body, and may produce signi?cant side effects. 
The present application permits major advantages to be 
gained, by substituting a less toxic, efficiently cleared, 
polyatomic metal-atom complex in an improved deliv 
ery process. 
Chromium, in the form of 51CrOFZ, has been used 

extensively as a clinical agent for radionuclide labeling 
of platelets and red blood cells. Hexavalent chromate is 
converted within the red cell to the Cr+3 cation, which 
binds tightly but not irreversibly to hemoglobin. 
51Chromium elutes from red cells at an average rate of 
0.93% per day. It is not reutilized by the body, but is 
cleared efficiently by excretory pathways. It is also of 
low toxicity in humans, even at relatively large doses. 
According to studies, in which neutrophils, tumor-cells 
and other biological targets have been labeled in vitro, 
51CrO4 has been shown to bind to several cytoskeletal 
and cytoplasmic proteins (actomyosin as well as hemo 
globin), and also to adenine nucleotides. It has also been 
shown to be nontoxic in vitro at relatively high concen 
tration, as assessed by sensitive measures of cellular 
metabolism, DNA synthesis and cell division. 
When tested as a potential MRI contrast agent, chro 

mium (+3) has only moderate potency compared to 
gadolinium (+3), which has the highest number of 
unpaired electrons (7) of any metal ion. On this basis, 
the low-molecular-weight gadolinium chelate, Gd- 
DTPA, was developed as the ?rst clinical MRI contrast 
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agent, even though its small retained fraction (usually 
less than 0.5%) is substantially more toxic than equiva 
lent quantities of retained chromium, and chromium is 
cleared much more completely than is gadolinium. 

Superparamagnetic Compounds 
One class of highly paramagnetic compounds is those 

in which each molecule includes multiple atoms of mag 
netic moment with parallel spin vectors. While such 
intramolecular paramagnetic coupling does not imply 
that macroscopic ferromagnetic behavior will necessar 
ily occur, it does imply that the resulting compound will 
be very strongly paramagnetic. Thus, such compounds 
are referred to as “intramolecularly superparamag 
netic.” 
An article by Bino et al., “[Cr4S(OzCCH3)g(H2O)4]: 

Ferromagnetically Coupled Cr4S Cluster with Spin 6 
Ground State", in the Sept. 16, 1988 issue of Science at 
page 1479, reported that the paramagnetic potency of 
chromium can be increased markedly by reformulating it 
as an intramolecularly ferromagnetically coupled cluster 
of four coordinated chromium ions, [CI'4S(O2CCH3)3( 
H2O)4]2+. This new, divalent chromium-organic com 
plex cation has 12 unpaired electrons (1.7 times as many 
as gadolinium), and a magnetic spin of 8:6 (ground 
state). The effective magnetic moment of each Cr+3 
atom in the molecule is increased, due to stabilization of 
a coordination state which minimizes intramolecular 
antiferromagnetism. 
The Bino et al. article refers to using the disclosed 

cation as a “spin label”. (Spin labeling studies are nor 
mally in vitro studies.) The Bino et al. article also notes 
that the water ligands on the cation are potentially 
labile, sov that the hydration sites would provide ligand 
bonding sites for association with potential carrier sub 
stances. 

This tetra-chromium-sulfur-acetate complex is very 
advantageous for use in formulating MRI contrast 
agents of high potency and low toxicity. However, its 
small molecular size would cause it to equilibrate freely 
with the total extravascular (plasma+extracellular) 
water (as does Gd-DTPA), thereby reducing its po 
tency and tumor/lesional-site selectivity. 

Transport Properties of Polymeric Carrier 
The present application teaches that major advan 

tages can be gained by complexing or conjugating a 
superparamagnetic complex, such as [Cr4S(O2CCH3)g( 
H2O)4]2+, to polymeric or microspheric carriers which 
restrict its biodistribution, increase its selectivity of 
tumor localization, and amplify its proton relaxivity by 
slowing its rotational correlation time. 
The present inventor has disclosed, in earlier ?lings, a 

method for increasing both the chemical potency (pro 
ton relaxivity) and tumor selectivity of paramagnetic 
contrast agents (including Gd-DTPA), by conjugating 
them to water-soluble, bio-compatible carbohydrate 
polymers (including ‘dextrans),lwhose molecular size 
distribution’ ranges from just above the cutoff for ?ltra 
tion out of normal microvessels (ca. 15,000 Daltons) to 
just below the cutoff for rapid renal clearance (ca. 
45,000 Daltons). The present application discloses spe 
ci?c, improved, novel carriers and carrier-polyatomic 
cluster compositions which give improved site-selec 
tivity even below the formerly taught 15,000 dalton 
cutoff. 
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Optimal Size Range 
Selectivity of tumor uptake can be conferred in part 

by the polymeric size, in conjunction with characteris 
tic changes in microvascular surface properties and an 
increase in porosity of malignant tumor microvessels. 
This allows the polymeric species (between 15,000 and 
45,000 Daltons) to ?lter or become transported more 
efficiently out of microvessels into the extra-vascular 
compartment (tumor interstitium). Due to the low po 
rosity of normal microvessels, polymeric contrast 
agents are not allowed to ?lter into the surrounding 
normal tissues. This property of selective partitioning 
by molecular size: 1) advantageously results in steeper 
contrast gradients and increased intensity differences 
between tumor and normal tissues, and 2) advanta 
geously produces highly discrete identi?cation of tumor 
margins. However, there are major potential disadvan 
tages to agents greater than 15,000 Daltons in size, as 
outlined above. Smaller agents, which are still site selec 
tive, represent a signi?cant improvement. 

Endothelial Binding 
Tumor localization is also facilitated by the endothe 

lial binding properties of negatively charged carbohy 
drates, especially highly sulfated, generally lower mo 
lecular weight heparins which are complementary to 
endothelial/epithelial determinants, including, but not 
limited to Fraction A heparins of about 6,000 to 10,000 
MW. (Simple polysaccharides will normally not adhere 
to the endothelial wall, unless the polysaccharide in 
cludes a charged surface group, such as sulfate, car 
boxyl, or dicarboxyl.) 

Such endothelial binding is reversible and the release 
of such bound materials occurs much more slowly from 
tumor microvascular endothelium than from the endo 
thelium of normal tissues. Such prolonged binding at 
pathologic foci results in selectively accentuated uptake 
into the tumor interstitial gel proximal to sites of vascu 
lar endothelial binding. 

Transendothelial Migration 
Active endothelial transport has been demonstrated 

for small molecules (e.q., glucose and insulin). How 
ever, no studies other those that of the present applicant 
are known to have shown such transport for larger 
molecules, or for molecules carried in a cargo format. It 
is now known (from the present applicant’s histologic 
studies) that transendothelial migration of particles and 
molecular aggregates (larger than ca. 2 nm in diameter) 
can be accelerated by the application of appropriate 
surface coatings, preferably glycosaminoglycans or 
anionic polyglucoses or polyglycerols. (The glycosami 
noglycans preferably include heparin, heparin deriva 
tives and heparin fragments, but may also include der 
matan sulfate, chondroitin sulfate, and other nature or 
modi?ed glycosaminoglycans, including semisynthetic 
carboxylated glycosaminoglycans.) These surface coat 
ings will bind multiply to receptors or antigens, which 
are either synthesized by endothelium or, although 
synthesized at other sites, become tightly associated 
with the endothelial surface. (See Ranney, 35 Biochem. 
Pharmacology 1063 (1986), which is hereby incorpo 
rated by reference). Such multiple binding typically 
involves complementary molecular interactions at more 
than 5 binding sites per molecule, and preferably more 
than 10 sites per molecule, and is termed adhesion, sur- ' 
face adhesion, or bioadhesion. 
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Following extravasation, the new agents in the pres 
ent application are retained for prolonged intervals in 
the tumor interstitium (greater than 2.5 hours, as com 
pared to about 10-45 minutes for Gd-DTPA), and re 
main (“stay put”) preferentially in the viable (versus 
necrotic) subregions. These two properties: 1) allow the 
agent to be injected at earlier times before imaging (and 
hence allowing premedication outside the imaging 
room); 2) permit tumor-treatment effects to be moni 
tored in responding tumor subregions at early post 
treatment intervals (at about 6-30 hours); and 3) allow 
viable and nonviable tumor to be distinguished at sub 
millimeter resolution. This is because dead subregions 
cease to perfuse (and hence cease to take in the image 
enhancing agents), while viable subregions continue to 
perfuse and take up image-enhancing agent. Partially 
damaged subregions continue to perfuse, and, since 
their microvessels typically have a still-further in 
creased porosity (due to treatment-induced primary or 
secondary vascular damage), they allow the larger spe 
cies of polydisperse polymer (as well as the smaller 
ones) to extravasate into the tumor gel. Hence, the 
partially damaged and potentially recoverable subre 
gions achieve the brightest image intensity, because 
they accumulate the greatest quantity of these new, 
selective contrast-enhancing agents. 
A further teaching of the present application is that 

these anionic glycosaminoglycans, polyglucoses and 
polyglycerols (and analogous compounds) undergo 
accentuated uptake by tumor cells, compared to the rate 
of uptake by normal cells in the same tissue region. This 
is based on the anionic (negatively charged) nature of 
side groups present on the polyglucose carriers, which 
engage the cellular uptake receptors of the anionic 
transport channels (pores) which are typically induced 
in hepatocellular carcinomas (hepatomas). Such anionic 
transport channels have also been found in several other 
tumor types tested to date (by the present applicant and 
others). These same transport channels are relatively 
uninduced in the normal cell counterparts. This prop 
erty of anionic small molecules and macromolecules 
facilitates active tumor-cell accumulation of the carrier 
polymer (and its bound ligands) in vivo. This property 
is exploited, in the innovative method disclosed herein, 
to allow for prolonged tumor retention and imaging. 

It has previously been shown, by the present inventor 
as disclosed in a previous ?ling (International Applica 
tion PCT/US88/01096), that IMFERONTM N 
(which is a tightly bound, iron oxide-dextran complex 
of about 110,000 Daltons) achieves increased intramo 
lecular paramagnetism (becomes superparamagnetic) 
overall (e.g., intermolecularly as well). This complex is 
injected into patients for the purpose of achieving con 
trolled iron release, over intervals of days to weeks, in 
order to treat iron de?ciency anemia. Although it has 
been injected intravenously into patients, this must be 
done by controlled rather than bolus infusion, due to the 
release of a small fraction of its ionic iron which has 
been associated with acute toxicities. Hence, IM 
FERONTM TM is usually administered intramuscu 
larly. These problems, together with the requirements, 
in MR image enhancement, of rapid intravenous admin 
istration of relatively large doses of the contrast agent, 
have precluded the effective use of IMFERONTM TM 
as an intravascular superparamagnetic contrast'agent. 
However, this experimental evidence provides further 
con?rmation that, as described below, metal coordi 
nates of high potency and lower toxicity can be refor 
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12 
mulated as polymeric agents (with a conjugation chem 
istry which is somewhat analogous to that of IM 
FERONTM TM). Such metal-coordinate-polymer 
agents can be administered for purposes of tumor-selec 
tive MR image enhancement, or alternatively to pro 
vide localized hysteresis superheating. 

Use of Microaggregate or Microparticulate Carrier 

In one class of embodiments, the carrier is used in the 
form of nanoparticles and microparticles. As discussed 
above, these particles have been found (when appropri 
ately surfaced with sites complementary to endothelial 
determinants) to transport through the more porous 
parts of the endothelium walls with high preference. 
This is particularly advantageous in transporting a rela 
tively ‘high dose of the desired substance into the abnor 
mal tissues and cells. 
Such a nanosphere is most preferably between about 

5 and 99 nanometers, and such a microsphere is most 
preferably between about 0.2 and 250 micron in diame 
ter. The matrix of the microsphere is preferably a carbo 
hydrate, and may be a carbohydrate such as heparin 
which also has multivalent binding capabilities espe 
cially a Fraction A heparin of about 6,000_10,000 
Daltons or fragment thereof larger than about -l,000 
Daltons. Protamine, hexadimethrine, starch and other 
matrix materials can also be used, and can also be coated 
with heparins. Such a microsphere carbohydrate matrix 
can optionally include, as a multivalent binding agent, 
an exposed or covert substance which is capable of 
binding endothelial surface, determinants, enzymes, 
epiendothelial or subendothelial substances. (Note that 
the nanoparticle/microparticle matrix may be coated 
with such a binding substance.) 

In such embodiments, the nanoparticles/microparti 
cles of the novel material disclosed herein will bind to 
endothelia (or to epithelia dn their closely associated 
extracellular structures), with preference (and longer 
residence times) in the vicinity of tumors (or other bio 
logical lesions if desired). This preferential binding leads 
to preferential induction, since a bound microsphere 
may be totally or partially enveloped in, for example, 
less than 10 to 15 minutes. The interaction of the pre 
ferred microspheres with endothelia may produce an 
induction of the endothelia to undergo transient separa 
tion or opening. The opening of the endothelia exposes 
underlying substances to which (ideally) binding may 
occur. 

The present application provides improved methods 
and compositions of matter for the selective tumor 10 
calization of ferromagnetically coupled image-enhanc 
ing agents, contrast agents or spectral shift agents. This 
permits improved acquisition of tumor, tissue or organ 
images or spectra from live animals by nuclear magnetic 
resonance imaging or spectroscopy. 

Additional Novel Compositions of Matter 

It should be noted that the present application de 
scribes not only a number of novel methods, but also a 
number of novel compositions of matter, as set forth in 
greater detail below. 
One novel teaching of the invention involves use of 

(I) a ferromagnetically coupled, multiply paramagnetic 
ion cluster (hereafter also designated the “intramolecu 
larly super-paramagnetic polyatomic complex”) which 
is multiply associated, by complexation (including ion 
pairing) or covalent conjugation, with (II) a soluble, . 
hydrophilic, biocompatible, excretable polymeric car 
















































